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protease thrombin are pivotal players in the regulation of EC function. These two agonists trigger many signaling cascades, several of which are in common. The specific pathways required for precise gene induction remain to be elucidated.
VEGF and its signaling receptors are crucial for differentiation of EC progenitors, EC sprouting, and the formation of new blood vessels (i.e., angiogenesis) (3) . VEGF plays a central role in the development and maturation of a healthy vascular network as well as vascular pathophysiological conditions. Two tyrosine kinase receptors, VEGF receptor-1 (VEGFR-1; Flt) and VEGFR-2 (Flk/KDR), have been identified to bind VEGF (11) . The multiple signaling pathways activated upon VEGF stimulation include phosphoinositide 3-kinase (PI3K), Akt, PLC-␥, Src kinase, ERK, p38, JNK, and focal adhesion kinase (FAK) (11) .
Thrombin is a serine protease that is a key regulator in both the intrinsic and extrinsic pathways of blood coagulation. Thrombin also acts as a signaling activator in ECs by cleaving the NH 2 -terminal domain of the seven-transmembrane domain, G protein-coupled receptors, protease-activated receptors (PARs) (8) . The newly cleaved NH 2 -terminus remains tethered and activates the receptor, triggering numerous intracellular modifications of signaling proteins, culminating in the regulation of gene expression and cellular dynamics (40) . The activation of ECs by thrombin leads to the control of multiple genes that are important in the regulation of normal and pathological vascular function. In a previous report, we (5) have shown that MKP-1 is induced in ECs stimulated by thrombin. Here, we show that VEGF also stimulates the induction of MAPK phosphatase-1 (MKP-1) but through a different pathway than thrombin.
MKP-1 is representative of a family of dual-specificity protein phosphatases that are known to dephosphorylate MAPK family members (10) . MKP-1 is encoded by an immediate-early gene and is localized in the nucleus (37) . MKP-1 has been shown to be stimulated under conditions of inflammation and stress, such as treatment with lipopolysaccharide, dexamethasone, angiotensin, oxidative stress, heat shock, UV light, and growth factors (18, 21, 22, 29, 36) . MKP-1 dephosphorylates the tyrosine and threonine residues of MAPK, rendering the enzyme inactive (15) . In this report, we show that there is a differential MAPK signaling cascade that leads to the induction of MKP-1 in VEGF-treated versus thrombin-treated ECs and, furthermore, that MKP-1 plays a critical role in EC migration.
MATERIALS AND METHODS

Materials.
Recombinant VEGF subtype and isoform neutralizing antibodies (VEGF-A 165, VEGF-B, VEGF-C, VEGF-D, VEGF-A121, VEGF-A 162, and VEGFR-2) were all purchased from R&D Systems (Minneapolis, MN). VEGF-E was obtained from Research Diagnostics (Concord, MA). VEGFR-1 neutralizing antibody was purchased from Abcam (Cambridge, MA). Thrombin receptor-activating peptide (TRAP) with the peptide sequence SFLLRN-NH2 was custom synthesized by Peptide (Louisville, KY). The inhibitors for the following signaling pathways were purchased from Calbiochem (San Diego, CA): Ro-31-8220 (PKC inhibitor/MKP-1 induction inhibitor), LY-294002 (PI3K inhibitor), PD-98059 (ERK inhibitor), SP-600125 (JNK inhibitor), and SB-203580 (p38 inhibitor). PP1 (Src kinase inhibitor) and GF-109203X (PKC inhibitor) were purchased from BioMol (Plymouth Meeting, PA). JNK-1, MKP-1, neuropilin (NRP)1, and NRP2 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Radiolabeled [ 32 P]dCTP was obtained from NEN (Wellesley, MA). Matrigel basement membrane matrix and dispase were purchase from BD Biosciences (Bedford, MA). All other chemicals and reagents were purchased from Sigma (St. Louis, MO). Plasmid constructs containing dominant negative (DN) Src (mutation A430V) and DN Fyn (mutation K to D) were kindly provided by Dr. Andrew Larner (Cleveland Clinic, Lerner Research Institute). Plasmids containing cDNA for wild-type (WT) JNK and DN JNK (K55M) were obtained from Biomyx Technology (San Diego, CA).
Cell culture, transfection, and treatment. Human ECs were isolated by trypsin digestion of umbilical veins as previously described (33) . ECs were maintained in MCDB 105 medium (Sigma) containing 15% FBS, 90 g/ml heparin, and 150 g/ml EC growth supplement (ECGS). Cells were used between passages 2 and 5. Cells were transfected with WT JNK, mutant JNK (K55M), DN Src, DN Fyn, and green fluorescent protein vectors using Targefect F-2 plus the peptide enhancer according to the manufacturer's protocol (Targeting Systems, Santee, CA). ECs were split into 35-mm dishes at 90% confluency the day before transfection. Experiments were performed 24 -36 h posttransfection. Cells were preincubated with inhibitors 30 min prior to agonist treatment.
Mouse aortic EC isolation. Aortic ECs were isolated from mice by an explant technique as previously described (4) . Mouse aortic EC specificity was verified by immunostaining and real-time PCR for vonWilebrand factor.
Construction and validation of MKP-1 siRNA. MKP-1 targetspecific siRNA duplexes were designed using the general template sequence AA(N19)UU, (where N can represent any nucleotide) thus giving a 21-nt sense and antisense strand that was hybridized to form a duplex. siRNAs were constructed that targeted the following mRNA sequences: MKP-1 600, AAG AGA CGT TGA TCA AGG CAG and MKP-1 838, AAG CTG GAC GAG GCC TTT GAG. The siRNA was chemically synthesized as described by the manufacturer's instructions in the Ambion siRNA Silencer Kit (Ambion). We also designed the scrambled MKP-1 600 and scrambled MKP-1 838 as controls for each experiment. The siRNA transfection was performed using Targefect F-2 plus the peptide enhancer (Targeting systems) in DMEM for 4 h, after which complete media was added. The final concentration of siRNA in the culture medium was 50 nM. The human recombinant myc-tagged MKP-1 plasmid (kindly provided by Jack Dixon) was transfected into EC using Targefect F-2 according to the manufacturers instructions (Targeting Systems, Santee, CA). Subsequently, human MKP-1 siRNA was used to silence protein levels. MKP-1 protein was analyzed by western blot analysis using myc antibody (MilliporeUpstate). MKP-1 mRNA levels were detected by real-time PCR.
Northern blot analysis. Total RNA from untreated, TRAP-treated, or VEGF-treated ECs was isolated using the RNeasy Mini Kit (QIAGEN, Valencia, CA). Total RNA was separated by gel electrophoresis and transferred to a Nytran SuPerCharge membrane (Schleicher & Schuell, Keene, NH). The membrane was hybridized using a 222-bp fragment of human MKP-1 [3Ј-untranslated region (UTR)], labeled with [
32 P]dCTP following the manufacturer's protocol from Amersham Biosciences, and incubated overnight. Hybridized membranes were washed several times using RNA wash buffer (0.2% SDS and 1ϫ SSC) and exposed to a phosphorimaging screen overnight. Data were collected and quantified using a phosphoimaging system with Image-quant software from Amersham Biosciences.
Real-time RT-PCR assay. Total RNA was isolated using the RNeasy Kit (QIAGEN) from two confluent 35-mm wells pooled together, followed by DNase treatment (Ambion). cDNA was prepared using the Superscript first-strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions. Real-time RT-PCR was carried out on a Perkin-Elmer ABI PRISM 7700 system using SYBR green PCR core reagents (PE Applied Biosystems). MKP-1 primers used for real-time RT-PCR were 5Ј-CTCCATGCTCCTTGAGAGGAGAAATGC-3Ј and 5Ј-GG-TAGGTATGTCAAGCATGAAGAG-3Ј, and GAPDH primers used were 5Ј-TCAACAGCGACACCCACTCC-3Ј and 5Ј-TGAGGTCCAC-CACCCTGTTG-3Ј.
EC migration. In vitro migration of ECs was studied using a transmigration assay. Human ECs were seeded at 10 4 cells/membrane on the upper chamber of an 8.0-m-pore diameter membrane chamber (Becton Dickinson Labware, Franklin Lake, NJ). VEGF (20 ng/ml) was added to the bottom well of the appropriate chambers overnight. Cells were removed from the upper chamber of each well, and membranes were fixed with ice-cold methanol and then stained with hematoxylin (Sigma). Membranes were mounted on cover slides, and cells were counted.
Animal and genotyping analysis. All animals received humane care in accordance with National Institute of Health guidelines. The Institutional Animal Care and Use Committee of the Cleveland Clinic, Lerner Research Institute, approved the experimental protocols. Cryopreserved embryos of Mkp-1 knockout mice were provided by Bristol Myers Squibb Pharmaceutical Institute and regenerated into mice at the Jackson Laboratory as previously described (46) . These mice were breed at the Columbus Children's Research Institute to generate Mkp-1 ϩ/ϩ and Mkp-1 Ϫ/Ϫ mice and kindly provided by Dr. Yusen Liu (46) . Mice were maintained on a normal rodent chow diet. For genotyping analysis, tissue samples were processed using the DNeasy Tissue Kit (Qiagen). Genotyping was confirmed using PCR analysis with the following primers: forwardprimer 1, 5Ј-CCAGGTACTGT-GTCGGTGGTGC-3Ј; forward primer 2, 5Ј-TGCCTGCTCTTTACT-GAAGGCTC-3Ј, and reverse primer 1, 5Ј-CCTGGCACAATCCTC-CTAGAC-3Ј (44) .
Aortic segment angiogenesis assay. The descending thoracic aorta was isolated from WT and Mkp-1 Ϫ/Ϫ mice (n ϭ 7 mice/group). Multiple 1-mm-thick aortic segments were prepared under a dissecting microscope. Rings were then placed on a thin layer of Matrigel (BD Bioscience). We measured the area of EC sprouts from the boarder of the aortic tissue to the outer edge of the sprouting area using an automated program (Image-Pro Plus version 6.0).
Statistical analysis. Ex vivo aortic segment EC sprouting was analyzed using two-way ANOVA. Student's t-test was performed for all other experiments. All tests were performed using GraphPad Prism 4.0c (GraphPad Software). P values of Ͻ0.05 were considered significant.
RESULTS
VEGF induces MKP-1 expression in ECs.
VEGF and thrombin share multiple downstream signaling pathways and activate some common genes in ECs. We tested whether VEGF induces the signaling mediator MKP-1 in human umbilical vein ECs in a similar or distinct way to thrombin. MKP-1 mRNA was rapidly induced in ECs stimulated with VEGF-A 165 (Fig. 1A) . The time course of VEGF-induced MKP-1 message expression was analyzed by Northern blot. MKP-1 mRNA increased by 30 min, peaked at 1 h (ϳ10-fold), and then returned to basal levels by 2 h. VEGF-A 165 stimulated MKP-1 mRNA half maximally at 1 ng/ml with maximal induction at 5 ng/ml (Fig. 1B) . These results indicate that VEGF activates MKP-1 mRNA expression in ECs.
VEGFR-2 and NRPs are critical for MKP-1 induction in ECs.
We wanted to determine which VEGF family members could stimulate MKP-1 induction in human umbilical vein ECs. Five VEGF family members were compared: VEGF-A, VEGF-B, VEGF-C, VEGF-D, and VEGF-E. VEGF-A and VEGF-E stimulated the expression of MKP-1 in ECs (ϳ10-fold), whereas the other VEGF family members were not effective ( Fig. 2A ). All VEGF subtypes induced the activation of ERK activity in ECs, demonstrating that all VEGF's were active (data not shown).
The orf virus VEGF-E has been reported to activate VEGFR-2 and not VEGFR-1 or VEGFR-3 (25) . This suggested that VEGF induction of MKP-1 was mediated through VEGFR-2, since both VEGF-A and VEGF-E activate this receptor. To resolve which VEGF receptor was responsible for MKP-1 induction, we pretreated ECs 30 min prior to VEGF stimulation with neutralizing antibodies to VEGFR-1 or VEGFR-2. VEGFR-2 was critical for VEGF-A-induced MKP-1 expression in ECs (Fig. 2B) . Consistent data also showed that VEGFR-2 is needed for MKP-1 induction by VEGF-E in ECs (Fig. 2C) .
Most VEGF isoforms are identified by heparin-binding domains that are encoded by the splicing of exons 6 and 7 of the VEGF gene. VEGF-A 165 contains exon 7, has heparin-binding properties, and binds to NRP receptors. Exons 1-5, 6A, 6B, and 8, but not 7, of the VEGF gene encode VEGF-A 162 mRNA. VEGF-A 121 lacks both exons 6 and 7, does not bind heparin or NRPs, and is secreted freely. To further address the role of VEGF-A signaling in the induction of MKP-1, we tested the following VEGF-A isoforms: VEGF-A 165 , VEGF-A 162 , and VEGF-A 121 . VEGF-A 165 robustly stimulated MKP-1 induction, VEGF-A 162 was intermediate in activity, and VEGF-A 121 showed no induction of MKP-1 mRNA expression (Fig. 3A) . VEGF-A 121 binds to both VEGFR-1 and VEGFR-2. Next, we tested if VEGF-A 121 could block MKP-1 induction by VEGF-A 165 . We pretreated ECs with VEGF-A 121 (10 ng/ml), subsequently stimulated the cells with VEGF-A 165 , and then measured MKP-1 induction. VEGF-A 121 completely blocked the induction of MKP-1 by VEGF-A 165 (Fig. 3B) . Interestingly, VEGF-A 165 -induced MKP-1 mRNA levels were dramatically reduced in ECs pretreated with VEGF-B (10 ng/ml), which only binds to VEGFR-1 and NRP1 (Fig. 3C ). These experi- A: confluent monolayers of ECs were serum starved for 2 h prior to treatment with VEGF (10 ng/ml) at 37°C over the indicated time course. RNA was isolated from cell lysates and subjected to Northern blot analysis, and the blot was reprobed for GAPDH as a loading control. B: concentration-dependent expression of MKP-1 mRNA in ECs treated with VEGF-A165 for 1 h. Northern blot analysis was performed to monitor MKP-1 mRNA steady-state levels in VEGF-treated ECs at specified dosages. A: MKP-1 mRNA was detected using Northern blot analysis in cells treated with the following VEGF subtypes: VEGF-A, VEGF-B, VEGF-C, VEGF-D, or VEGF-E (10 ng/ml). NT, no treatment. B: neutralizing antibodies were used to block either VEGFR-1 or VEGFR-2 for 3 h followed by VEGF-A165 treatment for 1 h. ECs were lysed, RNA was isolated, and MKP-1 mRNA was detected by Northern blot analysis. C: ECs were preincubated for 3 h with neutralizing antibodies to VEGFR-1 or VEGFR-2 and then stimulated for 1 h with VEGF-E. Subsequently, MKP-1 mRNA was detected using Northern blot analysis. GAPDH was used as a control for loading. ments led us to investigate a potential role for NRPs in VEGF-induced MKP-1 expression, since NRPs are important coreceptors for VEGFR-2 signaling. We pretreated ECs with neutralizing antibodies against NRP1 and NRP2 and then stimulated the cells with VEGF-A 165 . The induction of MKP-1 was blocked using both NRP1 and NRP2 neutralizing antibodies (Fig. 3D) . NRP-1 and NRP-2 both bind to VEGF-A 165 and serve as coreceptors for VEGFR-2. Thus, our results show that NRPs are required for VEGFR-2 induction of MKP-1 in ECs.
TRAP and VEGF induction of MKP-1 require distinct Src kinase family members. Our previous findings showed an induction of MKP-1 through PAR-1 using a six-mer peptide (referred to as TRAP) homologous to the new NH 2 -terminus of PAR-1 that mimics the action of thrombin (5). VEGF stimulation of MKP-1 was greater (ϳ10 fold) than TRAP induction (ϳ4 fold) (Fig. 4C) . VEGF and TRAP induction of MKP-1 occur through different ligand receptor-mediated pathways, and we wanted to investigate the mechanism of signal transduction in both of these systems. Many reports have shown that VEGF-A stimulation of VEGFR-2 triggers the activation of Src homology 2 domain-containing protein, growth factor receptor-bound protein 2, c-Src, Nck, and two tyrosine phosphatases, SHP-1 and SHP-2 (11). We first examined the cell signaling pathways critical for VEGF signaling using a pharmacological approach. VEGF-and thrombin-induced MKP-1 mRNA expression were completely blocked in human umbilical vein ECs pretreated for 30 min with the Src kinase inhibitor PP1 (10 M) (Fig. 4, A and B) . The PKC inhibitors Ro-31-8220 (10 M) and GF-109203X (10 M) were also tested (2). Ro-31-8220 completely inhibited MKP-1 mRNA induction by VEGF or thrombin; however, GF-109203X had no effect (Fig. 4, A and B) . GF-109203X blocked VEGF-and TRAP-induced phosphorylation of cAMP response elementbinding protein in the PKC signaling pathway (data not shown). Using the inhibitor LY-294002, we demonstrated that the PI3K pathway had no effect on MKP-1 message levels when challenged with VEGF or thrombin (Fig. 4, A and B) . This inhibitor did significantly reduce VEGF-and TRAPstimulated Akt phosphorylation (data not shown).
To address the role of Src kinase family members in the induction of TRAP-and VEGF-induced MKP-1 mRNA expression more specifically, we overexpressed mutant Src family members that act as DN inhibitors of Src and Fyn. DN Src, in which Ala 430 was mutated to Val 430 , blocked VEGF induction of MKP-1 with no alteration in TRAP induction. Conversely, TRAP induction of MKP-1 was blocked by DN Fyn kinase, with no effect on VEGF-induced MKP-1 expression (Fig. 4C) .
VEGF induction of MKP-1 is JNK dependent, whereas TRAP induction of MKP-1 is ERK dependent.
The JNK inhibitor SP-600125 (10 M), which blocked stimulated c-Jun phosphorylation in our ECs (not shown), significantly blocked VEGF-induced MKP-1 expression; however, TRAP-induced MKP-1 expression was not affected (Fig. 5, A and B) . Conversely, the ERK inhibitor PD-98059 suppressed TRAP-induced MKP-1 expression, but VEGF-induced MKP-1 expression was not altered (Fig. 5, A and B) . The p38 inhibitor SB-203580 (10 M) did not block VEGF-or TRAP-induced MKP-1 expression. Although its effectiveness was confirmed by demonstrating inhibition of VEGF-and TRAP-induced phosphorylation of activating transcription factor-2 (data not shown). Furthermore, DN JNK (K55M) blocked VEGF induction of MKP-1, whereas TRAP induction of MKP-1 was not altered (Fig. 5C) . Collectively, our results indicate that the JNK signaling pathway is critical for VEGF-induced MKP-1 expression, whereas TRAP-induced MKP-1 expression requires ERK signaling.
Effect of VEGF-induced MKP-1 on MAPK activity in ECs.
To investigate the role that MKP-1 plays in MAPK activation of VEGF-treated ECs, we used specific siRNA to suppress MKP-1 levels and studied the MAPK phosphorylation profile. We generated specific siRNA for MKP-1 that corresponds to the 21-nt sequence from the start codon at position 600 and 838 within the open reading frame of the MKP-1 mRNA sequence. The VEGF-induced MKP-1 message was completely silenced in ECs 24 h after MKP-1 siRNA transfection (Fig. 6A) . A: MKP-1 mRNA was detected in ECs incubated for 1 h with the following VEGF-A isoforms: VEGF-A121, VEGF-A162, and VEGF-A165 (10 ng/ml). B and C: ECs were preincubated for 30 min with either VEGF-A121 (B) or VEGF-B (C) and then stimulated with VEGF-A165 for 1 h to monitor the expression of MKP-1 mRNA by Northern blot analysis. D: neutralizing antibodies were used to block either NRP1 or NRP2 for 3 h of preincubation, and ECs were stimulated with VEGF-A165. Subsequently, MKP-1 mRNA was detected using Northern blot analysis. All blots were reprobed for GAPDH as a loading control.
However, the scrambled MKP-1 siRNA had no effect. The protein levels of a construct expressing WT MKP-1 were decreased in ECs treated with MKP-1 siRNA (Fig. 6B) . VEGFinduced MKP-1 was critical for the dephosphorylation of JNK and, to a lesser extent, ERK and p38 dephosphorylation in ECs, as detected by Western blot analysis (Fig. 6C) . We have previously shown that thrombin-induced MKP-1 efficiently dephosphorylates ERK (5).
MKP-1 plays a critical role in VEGF-and thrombin-induced angiogenesis ex vivo.
First, we wanted to detect the VEGF and thrombin induction of MKP-1 protein in mouse ECs. VEGF and thrombin induced MKP-1 protein levels in mouse aortic ECs (Fig. 7A) . We measured sprouting density from cultured aortic segments of WT control or Mkp-1 Ϫ/Ϫ mice treated with VEGF-A (40 ng/ml) or thrombin (6 U/ml). EC sprouts migrated from the aortic segments after 3 days in culture. VEGF and thrombin, to a lesser extent, caused an increase in WT mouse aortic EC sprouting density (Fig. 7B) . The sprouting outgrowth in Mkp-1 Ϫ/Ϫ mice treated with VEGF and thrombin was decreased compared with WT control mice (Fig. 7C) .
Role for MKP-1 in VEGF-induced EC migration. We used the transwell system to study the role of MKP-1 in human EC migration. Scrambled (control) MKP-1 siRNA-treated ECs significantly migrated toward the chemoattractant VEGF. However, EC migration was impaired in VEGF-stimulated MKP-1-null cells (Fig. 8) . Thrombin had no effect on the induction of EC migration in our system. These data show that MKP-1 is important in VEGF-induced EC migration.
DISCUSSION
Thrombin and VEGF are EC activators, and both are implicated in such pathophysiological processes as embryogenesis, angiogenesis, wound healing, and oncogenesis. Although thrombin is a serine protease that activates a G protein-coupled receptor and VEGF is a growth factor that activates a tyrosine kinase receptor, intracellular signaling pathways induced by these two agonists in ECs have been reported to be similar. For example, Minami et al. (26) showed that thrombin and VEGF stimulate similar signaling pathways to induce the gene and protein expression of Down syndrome critical region-1 (DSCR-1), a negative regulator of the calceneurin-nuclear factor of activated T cells signaling pathway. In our study, MKP-1 was identified as a novel VEGF-inducible gene in human ECs. We have shown that VEGF-A and VEGF-E increase MKP-1 mRNA in ECs via VEGFR-2 activation. Furthermore, we determined that NRPs are critical for VEGF-A-and VEGF-E-induced MKP-1 expression. Previously, we reported that thrombin induced MKP-1 in ECs via the ERK pathway (5) . In this study, using pharmacological and DN approaches, we elucidated the differential signaling path- Fig. 4 . VEGF induction of MKP-1 is Src kinase dependent, whereas thrombin induction of MKP-1 is Fyn kinase dependent. A and B: VEGF-and thrombin receptor-activating peptide (TRAP)-induced MKP-1 expression in ECs were Src kinase dependent but not PKC dependent, as determined by incubating ECs with PP1 (a general Src kinase inhibitor) and GF-109203 (GF; a PKC inhibitor) at 10 M each for 30 min prior to stimulation with either VEGF (10 ng/ml) or TRAP (100 M). The phosphoinositide 3-kinase inhibitor LY-294002 (LY) had no effect on the induction of MKP-1. Ro-31-8220 (Ro; 10 M, an inhibitor of MKP-1 induction) was added 30 min before treatment with VEGF or TRAP (1 h). Ro was used as a positive control for MKP-1 inhibition. C: dominant negative (DN) constructs for Src kinase, Fyn kinase, and green fluorescent protein (GFP; negative control) in pcDNA3 were transfected into ECs using Targefect F-2 (Targeting Systems), and cells were allowed to recover for 24 h. Transfected cells were selected using G418 for 7 days. ECs were then stimulated with either VEGF (10 ng/ml) or TRAP (100 M) for 1 h. Total RNA was isolated, and MKP-1 mRNA levels were determined by real-time RT-PCR with specific MKP-1 primers and normalized to GAPDH mRNA. The fold induction was quantified relative to the untreated control. Data represent means Ϯ SD of 3 experiments, where each measurement was repeated in duplicate.
ways responsible for MKP-1 induction by VEGF and thrombin in ECs.
MKP-1 is a growth factor and stress-inducible immediateearly gene. In agreement with the characteristics of immediateearly genes, the agonist-induced MKP-1 mRNA and protein levels have short half-lives (30 min and 1 h, respectively) (37) . The robustness of MKP-1 induction varies with the specific agonists and cell types studied (10) . For example, oxidative stress of cultured fibroblasts resulted in an ϳ20-fold increase in MKP-1 induction (15, 20) , whereas thrombin, PDGF-B, TNF-␣, and mechanical stress induced MKP-1 levels in ECs and smooth muscle cells 2-to 6-fold (5, 17, 29, 41) . We now report that VEGF treatment of ECs resulted in a robust increase in MKP-1 mRNA steady-state levels (ϳ10 fold). Elevated MKP-1 is critical for the sustained dephosphorylation of MAPK. Because MKP-1 is a key regulator of MAPK activity (44), we wanted to identify the regulatory mechanisms of MKP-1 induction in ECs.
VEGFRs play a critical role in the growth and maintenance of vascular ECs (3). NRPs are important coreceptors for VEGFR-2 and are critical in the progression of angiogenesis (35) . Our results indicated both NRP1 and NRP2 are necessary coreceptors in VEGF-A 165 induction of MKP-1. Moreover, only VEGFR-2-and NRP-specific ligands, VEGF-A 165 and VEGF-E, were capable of mediating MKP-1 induction in ECs ( Fig. 2A) . Therefore, NRP1 and NRP2 may enhance the intracellular signaling of MKP-1 induction by augmenting VEGF-A 165 binding to VEGFR-2. The short cytoplasmic domains of NRP1 and NRP2 have been shown to have no independent signaling function in ECs (11) . Taken together, our results show that VEGFR-2 association with NPRs is the principal pathway for the mediation of VEGF-induced MKP-1 expression and thus may be a critical pathway for the regulation of angiogenesis.
Receptor-specific signaling pathways activate upstream Src kinase family members that are critical in MKP-1 induction. Our previous results demonstrated the importance of Src kinase in thrombin-induced MKP-1 expression in ECs using pharmacological inhibitors (5) . In this report, we identified Fyn kinase as the Src family member that induces MKP-1 expression in thrombin-stimulated ECs (5) . Others have shown that Fyn kinase is necessary for MKP-1 induction during melanocyte differentiation and proliferation (43) . We further show VEGF induction of MKP-1 is also dependent on a Src kinase family member and not the PKC or PI3K signaling pathways. However, VEGF activation of MKP-1 is dependent on Src kinase and not Fyn kinase. Our results are consistent with the findings of others (7) showing that VEGFR-2 binds to Src kinase but does not associate with Fyn kinase. In previous studies, it was reported that VEGFR-2 is associated with Src kinase, whereas VEGFR-1 binds Fyn kinase. PAR-1 has not been reported to bind directly to either Src or Fyn kinases. Therefore, we propose that ␤-arrestin-1 coupling with PAR-1 and Fyn kinase may be critical for thrombin-induced MKP-1 expression (27, 38) .
ERK, JNK, and p38 signaling pathways have all been shown to modulate MKP-1 induction depending on the cell type and agonist (5, 6, 18) . VEGF and thrombin stimulate ERK, JNK, and p38 cascades in ECs, and most reports have shown a similarity in the convergence of the signal and immediate-early gene activation. For example, ERK1/2 but not p38, PI3K, or PKC pathways mediated early growth response factor (Egr)-1 upregulation by thrombin-induced PAR-1 activation in ECs (45) . VEGF has been shown to induce Egr-1 in a MEK/ERKand PKC-dependent, but p38-independent, manner (24) . Others have also reported that VEGF and thrombin induction of another immediate-early gene, c-jun, in bovine aortic ECs is also dependent on ERK1/2 activation (28). Here, we demonstrate distinct MAPK pathways for VEGF-and thrombininduced MKP-1 expression in ECs. The ERK inhibitor dem- Fig. 6 . VEGF-induced MKP-1 regulates JNK and p38; however, thrombin-induced MKP-1 regulates ERK. A: ECs were transfected with MKP-1 short interfering (si)RNA (siR) and MKP-1 scrambled (scr) siRNA and then treated with VEGF. ECs were lysed, and mRNA was isolated and detected using real-time PCR analysis. B: ECs were transfected with recombinant myc-tagged human MKP-1 under the cytomegalovirus promoter followed by transfection with MKP-1 siRNA or scrambled MKP-1 siRNA. After 24 h, cell lysates were collected and subjected to SDS-PAGE. Western blots were performed using a myc antibody with GAPDH antibody as a loading control. C: ECs were transfected with scrambled MKP-1 siRNA or MKP-1-targeted siRNA. Next, ECs were stimulated with either VEGF or TRAP over a 3-h time course. Protein lysates were prepared and subjected to SDS-PAGE and subsequent immunoblotting (IB) techniques using specific phosphorylated ERK (p-ERK), JNK (p-JNK), and p38 (p-p38) antibodies. Total ERK, JNK 1, and p38 were used as loading controls. Quantification was performed for 3 separate immunoblot experiments. Quantity One (Bio-Rad) was used to analyze band intensity. onstrated a complete blockage of thrombin-induced MKP-1 expression but had no consequence on VEGF-induced MKP-1 expression in ECs. Conversely, a JNK inhibitor, as well as expression of a DN construct, suppressed VEGF-induced MKP-1 expression and did not affect thrombin-mediated MKP-1 expression. The p38 inhibitor had no effect on VEGFor thrombin-induced MKP-1 mRNA levels, indicating that agonist-specific MKP-1 induction is important in the regulation of the MAPK pathway.
A family of upstream MAPK kinases regulates MAPK signaling pathways. In a similar manner, it is plausible to propose that the MKP family has a selective preference when inactivating specific MAPKs. MKP-1 can dephosphorylate all MAPK family members in vitro, but evidence suggests a preference in the dephosphorylation of p38 and JNK over ERK (41) . MAPK dephosphorylation by MKP-1 appears to be cell type and agonist specific. In this report, we showed that VEGF-induced MKP-1 is critical for JNK, ERK, and p38 dephosphorylation. This is consistent with reports showing that IL-1␤-induced MKP-1 dephosphorylated p38 and JNK in ECs (41) . Others have demonstrated in ECs that atrial natriuretic peptide attenuates TNF-␣-induced p38 activation via MKP-1 induction (16, 42) . T-kininogen purified from rat serum has been shown to inhibit basal levels and bradykinin-or T-kinininduced levels of ERK in a MKP-1-dependent manner in ECs (19, 39) . Furthermore, thrombin-induced MKP-1 expression has been shown to play a key role in the inactivation of ERK in ECs. Cytochrome P-450-derived epoxyeicosatrienoic acids induced MKP-1 in ECs, thus regulating JNK activation, but p38 and ERK activity remained unaltered (30) . Still, the molecular mechanism of agonist-specific MAPK dephosphorylation by MKPs in ECs remains unclear.
Many reports have been published that demonstrate the proangiogenic effect of VEGF and thrombin on ECs (1, 3) . Similarly, in this report, we show that both thrombin and VEGF stimulate EC sprouting from aortic segments of WT mice and that this effect is significantly decreased in mice lacking the Mkp-1 gene. Others have reported that MKP-1 has an opposing effect on the regulation of Toll-like receptorinduced inflammation in vivo (32, 46) . Mkp-1 Ϫ/Ϫ mice challenged with lipopolysaccharides had decreased survival rates compared with WT controls (32, 46) . Our results indicate that VEGF-induced EC migration is dependent on MKP-1 induction. Previous reports have shown that p38 plays an important role in VEGF-induced EC migration (23, 31) . MKP-1 most likely acts as a signaling "switch" that attenuates the phosphorylation of p38, JNK, and ERK, thus allowing for the propagation of genes necessary for EC migration. Therefore, we propose that MKP-1 functions as a molecular stress sensor that maintains the balance of MAPK activity and subsequently inflammation in ECs. Fig. 7 . VEGF-and thrombin-induced MKP-1 expression is critical for ex vivo EC sprouting. A: Western blot analysis was performed to test the induction of MKP-1 protein levels in mouse aortic ECs. B: segments of the descending aorta were isolated from Mkp-1 knockout and WT control mice. Aortic segments were cultured on Matrigel and incubated with VEGF or thrombin for 3 days. C: areas of sprouting were quantified using Image-Pro Plus version 6 analysis software. Data are expressed as mean EC sprout densities Ϯ SE. Two-way ANOVA demonstrated a significant effect on genotype after VEFG or thrombin stimulation (*P Ͻ 0.001; n ϭ 7 in each group). Fig. 8 . MKP-1 is important in EC migration toward VEGF. Human ECs were plated in the upper chamber of a Boyden chamber transwell system. VEGF (10 ng/ml) was added to the lower chamber, and human ECs were allowed to migrate overnight (15 h). Cells were fixed using methanol, and insert membranes were stained and mounted on coverslips. All migrated cells were counted in the membrane field by a blind observer at ϫ100 magnification. Data shown represent means Ϯ SD of 3 independent experiments. *P Ͻ 0.005.
Thrombin and VEGF signaling in ECs has been linked to tumor angiogenesis. Recent studies have shown that hypoxic conditions in tumors and the surrounding microenvironment contribute to the increased expression of proangiogeneic factors such as thrombin and VEGF (3, 14) . In addition, hypoxic conditions have been shown to induce MKP-1 in different cell types in vitro (1, 12, 34) . We propose that pathological hypoxic conditions, such as ischemia and oncogenesis, increase MKP-1, thereby promoting angiogenesis. We have identified that thrombin and VEGF induce MKP-1 in ECs via two distinct signaling pathways. We propose that in thrombin-and VEGFinduced angiogenesis MKP-1 is a critical signaling intermediate for neovascularization and angiogenesis.
